The room temperature photoluminescence from ZnO/MgO core/shell nanowires (NWs) grown by a simple two-step vapor transport method was studied for various MgO shell widths (w). Two distinct effects induced by the MgO shell were clearly identified. The first one, related to the ZnO/MgO interface formation, is evidenced by strong enhancements of the zero-phonon and first phonon replica of the excitonic emission, which are accompanied by a total suppression of its second phonon replica. This effect can be explained by the reduction of the band bending within the ZnO NW core that follows the removal of atmospheric adsorbates and associated surface traps during the MgO growth process on one hand, and a reduced exciton-phonon coupling as a result of the mechanical stabilization of the outermost ZnO NW monolayers by the MgO shell on the other hand. The second effect is the gradual increase of the excitonic emission and decrease in the defect related emission by up to two and one orders of magnitude, respectively, when w is increased in the ∼3-17 nm range. Uniaxial strain build-up within the ZnO NW core with increasing w, as detected by x-ray diffraction measurements, and photocarrier tunneling escape from the ZnO core through the MgO shell enabled by defect-states are proposed as possible mechanisms involved in this effect. These findings are expected to be of key significance for the efficient design and fabrication of ZnO/MgO NW heterostructures and devices.
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Introduction
In nanoscale semiconductors, surface effects play a dominant role in determining their photonic and optoelectronic characteristics. Therefore, a considerable amount of research has been dedicated to understanding and engineering these effects. In particular, the ZnO nanowire (NW) is a very interesting nanomaterial due to its high exciton binding energy (60 meV), direct wide bandgap (3.4 eV), piezoelectricity, among many other useful properties. Based on this nanomaterial, numerous applications have been demonstrated in the past years, such as UV LEDs [1] , photodetectors [2] , solar cells [3] , UV lasers [4] , and ultrasensitive gas and biological sensors [5] . To achieve optimal emission in the UV, the 'passivation' of surface states that inhibit excitonic recombination through competing non-radiative or radiative transitions involving deep states producing spurious visible luminescence has proven to be of key importance [6, 7] . The strategy of covering the ZnO NW with a MgO shell has been shown to be a promising approach to address this issue [8] [9] [10] [11] . MgO has a very wide bandgap (7.8 eV), and provides high potential barriers that can efficiently confine excited carriers within the ZnO core conduction and valence bands. Nevertheless, the physical passivation mechanism that leads to the observed improvements of the UV photonic properties has remained elusive. Some authors have suggested that the MgO shell physically removes oxygen vacancies or other defects from the ZnO NW walls, thus eliminating recombination channels that compete with the excitonic recombination [12] [13] [14] . Others have suggested that the improved UV emission results from a dielectric screening effect provided by any dielectric shell [15] . Very recently, it has been suggested that passivation in nanosystems is not based on the elimination of surface states, but on the mechanical stabilization of the nanosurfaces [16] .
In this work, we study this problem in ZnO/MgO core/ shell NWs with various shell widths (w). Besides examining their morphology and structure, we analyze the dependence of their photoluminescence (PL) spectrum on w. We find that a thin MgO shell of a few monolayers is not enough to fully passivate the detrimental surface effects on the PL. Instead, we observe a gradual increase (decrease) in the PL intensity for the UV (visible) band as w is increased. Only when w reaches sufficiently large values (w>∼17 nm) optimal passivation is attained. Furthermore, we find evidence for significant reduction of the exciton-phonon coupling in the PL spectra and for strain build-up on the ZnO core in x-ray diffractograms, both induced by the MgO shell. The overall analysis of the experimental data suggests that the UV emission enhancement in the core/shell NWs involves complex mechanisms that may include elimination of adsorbates, mechanical stabilization of the ZnO NW interface, and strain.
Experimental details
The ZnO/MgO core/shell NWs were fabricated via a twostep vapor transport and deposition method under controlled ultra-high purity Ar and O 2 flows on Au-nanocluster covered silicon substrates, as described in [10] . In a first stage, various ZnO NW samples were grown under identical conditions, using ZnO+graphite powder (1:1 in weight) at 1100°C as the vapor source and substrates placed at 21 cm from the vapor source downstream the quartz tube (substrate temperature ∼870°C). Then, in a second stage, Mg powder at T Mg =700°C was employed as vapor source, and different growth times and substrate-source distances were used to produce ZnO/MgO core-shell NW samples with various MgO-shell thicknesses. The substrate temperatures (∼600°C -650°C) were always low enough to suppress interdiffusion between core and shell while producing significant Mg vapor supersaturation for the shell growth [10] . For both fabrication steps, the Ar and O 2 flow rates were controlled at 125 sccm and 8 sccm, respectively.
High resolution transmission electron microscopy (HRTEM) images were acquired using a Tecnai F20 G 2 UT transmission electron microscope operated at room temperature and 200 kV. Scanning electron microscopy (SEM) images were obtained with a Zeiss Supra 55 VP and a Zeiss Supra 40 field emission microscope. X-ray diffraction measurements were performed in some of the samples using a Bruker D8 Advance diffractometer equipped with Cu Kα radiation source (λ=1.5418 Å). The power generator was set to 40 kV and 30 mA and the patterns were recorded in the 30°-80°range.
PL measurements were carried out at room temperature and ambient conditions on the as grown NWs on their Si substrate with a 15 mW He-Cd laser from Kimmon Koha Co. using the 325 nm line as the excitation source (2 mm diameter beam spot). The emission was collected in a back-scattering geometry with an AvaSpec-ULS3648 spectrometer.
Results

Morphology and structure
Figures 1(a), (b) show SEM images for different magnifications of ZnO NWs prior to their covering with MgO. The mean NW length is about 1 μm, with a corresponding mean diameter of 60 nm. As it is observed in figure 1(b) , the NW cross-sections are hexagonal, corresponding to growth along the c-axis of the wurtzite crystal structure. Figures 1(c) , (d) exhibit SEM images of ZnO NWs covered with a thin (∼10 nm) MgO shell. Due to the lattice mismatch between ZnO and MgO, and differences in the thermal expansion coefficient, the core/shell structure is strained so NWs are slightly bent [10] . The non-planar, slightly rough morphology of the MgO shell (see figure 1(d) ) indicates a polycrystalline structure, as has been observed before in MgO shell growth from the vapor phase on c-axis oriented ZnO NWs [9] .
HRTEM images of a bare ZnO and a ZnO/MgO coreshell NWs are shown in figure 2. In agreement with the hexagonal cross section observed in the SEM image in figure 1(b) , the bare ZnO NW ( figure 2(a) ) is found to be single crystalline, with its axis aligned along the c-axis of the wurtzite structure, with interplanar distance of 0.26 nm corresponding to the expected value for relaxed wurtzite ZnO By measuring diameters of core-shell NWs on several SEM images, it was possible to determine approximate MgO mean shell widths (w). Table 1 exhibits these w values for NW samples grown at different substrate-Mg source distances (D) during the MgO shell growth. The value of w diminishes for larger distances D, as expected and understood from a reduction in the Mg metal vapor partial pressure and supersaturation over the ZnO NWs with increasing metal sourcesubstrate distance [7, 10] .
The crystalline phases present in the samples were also studied using XRD. Figure 3 shows typical diffractograms for bare ZnO NWs and two different ZnO/MgO core/shell NW samples. As can be seen, the high intensity of the ZnO (002) peak indicates preferential orientation along the wurtzite c-axis, in agreement with the SEM and HRTEM results. However, weak diffraction peaks corresponding to other ZnO planes are also seen [(101), (102), (103) and (110)], which stem from the finite width of the NW orientation distribution about the substrate normal. For the ZnO/MgO core/shell NWs, the MgO (200) diffraction peak from the thin MgO shells is detected. Also, peaks due to a Mg 2 Si phase appear at ∼40°(220) and ∼58°(400), which result from the reaction of Mg vapor with the Si substrate during the MgO coating process. Figure 4 shows a close up of the diffraction pattern in the region of the ZnO (002) reflection for NW samples with different shell widths. The skewed peak shapes towards higher angles are due to the doublet character of the Cu x-ray source (K α1 and K α2 ). However, it is clear that the deposition 
of the MgO shell produces an overall upward shift of the ZnO (002) peak. This effect can be interpreted as a reduction of the interplanar spacing along the c direction within the NWs, and can be expected from a uniaxial compressive stress resulting from the smaller MgO interplanar spacings.
Photoluminescence
The PL spectra from the ZnO/MgO core-shell samples are presented in figure 5 (a). They exhibit the typical excitonic PL band in the UV (centered at ∼380 nm (3.26 eV)) and a deep defect-related PL band in the visible (centered near 510 nm (2.43 eV)) [10, 11] . As can be seen in figure 5 (a), the excitonic PL intensity increases gradually as w is increased, while the opposite occurs for the visible band. This behavior is also evident from figure 5(b), which exhibits the PL peak intensity for both bands as a function of w. Note that the excitonic PL in the UV increases by more than two orders of magnitude and seems to saturate for w>∼17 nm. We have checked and found no further improvement in the UV optical performance for up to several hundred nanometers shell widths. In contrast, the defect related PL decreases by a factor of 2-3 for w between 0 and 14 nm, and then decreases strongly for w between 14 and 20 nm. These findings clearly reveal two interesting facts. First, a considerably thick MgO shell of at least ∼70-80 MgO monolayers is needed to achieve optimal passivation of the ZnO NW surface (i.e., saturation of the UV PL for w>∼17 nm). Therefore, the PL improvement cannot be ascribed to just the physical removal of defects (such as the filling of O vacancies, for instance) originally present at the ZnO NW walls, or the desorption of ambient adsorbates (such as O 2 ), as these processes should be completed after depositing a few MgO monolayers. Note that recently [12] , a MgO shell width of 15 nm was reported for optimal surface passivation of ZnO NWs grown by photoassisted metal-organic chemical vapor deposition, which is in close agreement with the w value suggested by figure 5. The second interesting finding from the data in figure 5(b) is the different w values for which the UV and the defect-related PL intensities show their larger changes. This shows that the changes in the PL intensities with w are not (only) due to a competition between the excitonic and defect-related radiative processes giving rise to these bands, but reflect particular features of each recombination process and their changes with w.
In order to explore more deeply the nature of the PL intensity increase with increasing w, we analyze the PL peak due to excitonic emission in the UV. This is shown in figure 6 , where we have deconvoluted the peak using the well-known fact that at room temperature, the UV PL peak in ZnO is in general dominated by the phonon replicas of the free exciton emission [17] . Indeed, in figure 6(a) we observe that the UV emission from bare ZnO NWs can be described by peak components centered at E 1 =3.27 eV and E 2 =3.20 eV, i.e., the energy difference between these peaks is very close to the LO phonon energy of ZnO (ħω LO ≈71 meV). Hence, the E 1 and E 2 peaks can be tentatively ascribed to the first (X-1LO) and second (X-2LO) exciton phonon replicas peaked at E X −ħω LO +ΔE and E X −2ħω LO +ΔE, where E X, is the energy of the excitonic (X) emission, ħω LO is the LO phonon energy in ZnO and ΔE is the kinetic energy of the free excitons [17] . However, with the MgO shell deposition, together with the strong intensity increase, a significant change of the peak shape is observed (see figures 6(b)-(d)). In contrast to the case in figure 6(a) , the UV peaks are now skewed towards the high energy side, with corresponding fitting components at 3.33 and 3.27 eV. The peak at 3.33 eV is very close to the expected value for E X at room temperature, while the second peak is just at the same position as peak E 1 . The energy difference between these two peaks obtained from the fits in figures 6(b)-(d) is 63 meV, i.e. very close to the value found by others and attributed to the value of ħω LO -ΔE expected for the difference between the X and X-1LO emissions [17] . Hence, we attribute the peak at 3.33 eV as the X emission, in consistency with our previous attribution of the components at E 1 =3.27 eV and E 2 =3.20 eV as its first and second phonon replica (X-1LO and X-2LO). Note that the overall PL peak shape and the relative contributions of the two dominant components for the ZnO/MgO core/shell NWs in figures 6(b)-(d) exhibit little change with increasing w.
Discussion
From the PL measurements (figures 5 and 6), we see that the deposition of the MgO shell produces not just a strong decrease of the defect emission and increase of the excitonic PL intensity (figure 5), but also a change in the excitonic PL peak shape, which is due to the suppression of the X-2LO replica and a strengthening of the X component (compare figures 6(a) and (b)). It is interesting to note that the PL peak shape does not further change significantly with increasing w (figures 6(b)-(d)); in contrast the total excitonic PL peak intensity increases by orders of magnitude when w increases from 3 to 17 nm ( figure 5) . Hence, we make a distinction between two effects induced by the MgO shell: one is the asymmetry change that occurs for any w (see figures 6(b)-(d) ) as compared to the bare ZnO NW case ( figure 6(a) ), and hence it is essentially independent of w and therefore is interface-related, and another effect that depends on w, which is the further strong increase in the excitonic emission and the reduction of the defect emission ( figure 5) . In an effort to shed light into the possible mechanisms that apply in these two effects, we next discuss in detail the process of MgO shell fabrication and its possible impacts on the ZnO NW electronic structure and PL. 
From a ZnO/air to the ZnO/MgO interface
As known from electrical conductivity and photoconductivity measurements [11] , as well as from electron spin resonance [18] and photoelectron spectroscopy studies [19] , electrons are strongly trapped at the ZnO NW walls/air interfaces, resulting in strong band bending and surface depletion layers of several nanometers wide that can render a thin NW fully depleted. The trapping of free electrons is believed to be mainly provided by physisorbed atmospheric O 2 and H 2 O molecules via surface states [20] . Because of the strong conduction and valence band bendings taking over the whole ZnO NW cross section, photoexcited electrons and holes generated during a PL experiment will be in general drifted in opposite directions along the NW radial lines, electrons accumulating at the NW center and holes at the NW surface. This spatial separation of electrons and holes tends to inhibit the excitonic recombination and UV emission, thus favouring competing recombination channels, such as surface-state related transitions leading to both, increased PL in the visible (via deep surface defect states) and non-radiative recombination (via multi-phonon processes) [7, 15] . Indeed, it is well known that the green emission band intensity in ZnO nanostructures correlates with the specific surface area and hence is related to defects at the nanostructure surfaces [7] .
However, prior to MgO growth by vapor transport, the bare ZnO NWs are heated to above 600°C in Ar+O 2 atmosphere, and hence most physisorbed species are desorbed. This, by itself, already reduces the electron trap density at the ZnO NW walls and the surface band bending [19] . Since the ZnO NW core becomes further encapsulated and shielded from further exposure to atmospheric adsorbates by the MgO shell, this situation should be preserved when the NWs are taken out to the atmosphere for PL measurements. Furthermore, the newly formed ZnO/MgO interface could involve the creation of new intrinsic interface traps due to lattice and thermal mismatches. The net result, however, is a reduced trap density at the ZnO NW core surface, and reduced band bending and depletion layers in the MgO/ZnO core/shell NW as compared to the bare ZnO NW, as evidenced by the excitonic PL intensity increase and the defect PL in the visible decrease ( figure 5(b) ). Note that this interpretation (reduced band bending leading to PL improvement) is in line with our previous electrical measurements on single NWs, where the resistance was seen to fall by various orders of magnitude for ZnO/MgO core/shell NWs as compared to that measured on bare ZnO NWs [11] .
As for the excitonic PL peak shape change from figures 6(a)-(d), it results from a complete suppression of the X-2LO phonon replica, which is accompanied by a strong enhancement of the X and X-1LO relative contributions. This is clearly due to a change in the exciton-phonon coupling, which may arise from a change in the phonon wavefunction near the interface with respect to the exciton wavefunction in real space when the MgO shell replaces the air at the ZnO NW walls, as reported for core-shell nanoparticles [21] . The Zn and O atoms at the nearly free surface of the ZnO NW nonpolar surfaces are loosely constrained, have large vibration amplitudes (i.e. 'soft surfaces' [16] ) and hence large exciton-phonon interaction there. As the MgO shell is deposited, the Zn and O atoms become more constrained and mechanically stabilized and the exciton-phonon interaction is reduced. The exciton-phonon interaction in ZnO is dominated by the long-range Fröhlich interaction of the electron and hole comprising the exciton with the polarization field generated by the atomic vibrations in the strongly polar ZnO lattice [22] . First order processes, such as the X-1LO recombination, are not allowed in perfect crystals due to parity conservation. However, this rule may be relaxed in the presence of crystal imperfections which introduce additional intermediate states of alternating parity into the Fröhlich scattering mechanism. This generally occurs at the semiconductor surfaces and hence Raman and PL studies on ZnO NWs have revealed exciton-phonon coupling changes as evidenced by changes in the X-2LO/X-1LO emission intensity ratio upon surface morphology changes in ZnO NWs with sizes from about 30 nm to several hundred nanometer diameters [22, 23] . Similarly, the X-2LO/X-1LO ZnO ratio has been found to be also sensitive to (an increasing function of) the NW size up to at least 100 nm diameter [24] , which results from an increasing exciton-phonon coupling with increasing sample size as expected from the Fröhlich-type interaction.
The reduced band bending due to the reduction of the trap density at the ZnO NW surface upon the MgO shell deposition can explain the PL UV emission enhancement (by ∼70%) and diminishing defect emission (by ∼30%) observed in figure 5(b) for the thinnest MgO shell. However, what happens when w is increased? We do not expect further reduction in the interface trap density because it should be fixed by the MgO shell deposition conditions, which are virtually the same for all w. Hence, in an effort to understand the further PL improvements with increasing w, we need to consider additional mechanisms.
Increasing the MgO shell width
When the shell width is increased between few nanometers up to about 17 nm, the excitonic PL intensity in the UV increases by more than 2 orders of magnitudes and the defect-related emission intensity in the visible decreases by almost two orders of magnitude (figure 5), such that the UV/visible ratio increases by up to 4 orders of magnitude, while the excitonic PL peak shape does not change significantly ( figures 6(b)-(d) ). This means that the accumulating material on the MgO shell is further improving the excitonic radiative recombination, however without further altering the phonon-exciton coupling responsible for the phonon replica of the excitonic emission. We note that previous reports have not discussed the distinct effects that occur neither upon ZnO/MgO interface formation nor upon increase of the MgO shell width. For instance, it has been frequently assumed that the beneficial role of the MgO shell on the PL spectra is related to electron transfer across the ZnO/MgO interface [25] , which would fill the depletion layer within the NW core. However, MgO layers are typically insulating and their carrier densities are very low. Differently to what happens with most transition metal oxides including ZnO, MgO is not intrincally n-type doped by native defects (which tend to form deep rather than shallow donor levels) nor doped by H or other impurities (which also form deep electronic levels) [26] . Noting this, some authors proposed that photocarriers could be generated within the shell during the PL measurement and then fall into the core [12] . However, this effect is negligible for our PL experiments (as experimentally verified [10] ), since our PL excitation energy is smaller than half the MgO bandgap energy. Hence, the effects observed here would not be explained by electronic transfer from the shell to the core.
Another model that has been invoked involves a so-called 'dielectric screening' of the trapped charges at the ZnO NW surface [15] , inspired by the fact that enhancements of the UV emission in ZnO NWs occur as well when covered with shells of other dielectric materials, such as polymers. According to this model, the trapped charges at the ZnO/MgO interface would induce a polarization field in the shell which, in turn, would screen the inner electric field within the ZnO core reducing the band bending. However, no polarization within the dielectric shell is actually expected to occur due to the trapped charges at the ZnO/MgO interface, since these charges essentially come from the ZnO core, and are the ones that leave there a depletion layer in the first place. Indeed, since the immobile ionic charge left behind in the ZnO compensates for this trapped charge, the net charge within the NW core turns out to be zero, with no polarizing field induced on the outer MgO shell (following Gauss law). Even if some of the mobile charge would spill out of the ZnO core during MgO shell growth and become trapped at the MgO shell outer surface, electrostatic calculations (not shown) reveal that the resulting polarization within the MgO shell would not lead to any w-dependent effect on the core. Hence, with these considerations, the dielectric screening effect cannot explain the PL improvements that occur with increasing w.
In is interesting to note that the compressive strain buildup on the ZnO core, as deduced from the XRD data in figure 4 , is also an increasing function of MgO shell width, w. The lattice mismatch for the MgO/ZnO heterostructure can be significant (up to ∼6%, as deduced from the ZnO and MgO lattice parameters). In practice, much of the mismatch elastic energy in the ZnO/MgO core/shell NW is relaxed by NW warping, as reported previously [10, 11] , and also by stacking fault and grain boundary formation within the MgO shell [9] . Figure 7 shows the calculated c parameter from the ZnO (002) Bragg reflection from the XRD data in figure 4(b) , for the different studied samples, as a function of w. The corresponding strain, which is negative and therefore evidences a uniaxial compressive stress exerted by the shell on the core, is on the order of tenths of a percent and increases in absolute value with increasing w. The stress is compressive because of the smaller MgO lattice parameter and interatomic distances as compared to those for ZnO. The strain on the ZnO core increases with w because while for w=r (where r is the NW radius) most of the strain occurs within the shell, as w becomes comparable to r, more interface strain is increasingly transferred from the MgO shell to the ZnO core [27] .
While the observed strain has been reported to produce shifts of only a few meV in the bandgap energy [28] , consistent with the lack of noticeable shifts in the excitonic PL component and its phonon replica when changing w (figure 6), it can be large enough to produce strong effects at the MgO/ZnO interface [29] . Such inhomogeneous strain, which partially relaxes far from interfaces, has been very recently measured using a focused x-ray beam diffraction technique for another core/shell hexagonal wurtzite NW system (GaN/InGaN) [30] . The uniaxial compressive strain is found to be accompanied by in-plane strains as well, in consistency with the Poisson effect. Moreover, since the uniaxial strain occurs along a polar direction of the wurtzite structure, it induces a polarization potential (the piezoelectric potential) that is maximum at the heterostructure interface and increases with w, thus providing a mechanism for w-dependent changes in the band-bending profile across the NW core cross section [31] . As for the ZnO/MgO system, measurements of local strain profile near the MgO/ZnO interface would be essential to determine whether the associated changes of the band-bending profile would suffice to explain the strong PL enhacements observed. Futhermore, a model would be needed to relate this strain profile and its effects on the electronic properties through the piezoelectric potential across the NW cross section and axis. Clearly, more experimental and modeling work on this issue is needed.
However, before closing this discussion, we would like to briefly point to an additional mechanism that could also be involved in the strong w dependence of the excitonic PL intensity, which is photocarrier defect-mediated tunneling across the MgO shell to surface states. The MgO/ZnO is a type I interface with large barriers for both photoelectrons and photoholes (at least 1.7 and 1.2 eV, respectively [32] ) due to the large MgO bandgap energy, so tunneling escape probabilities for both carriers should be negligible for shell widths as small as ∼1 nm for a perfectly crystalline MgO shell. However, the tunneling probabilities are expected to become significant (in the nanometer scale) if the tunneling barrier height is determined by a MgO midgap state band. Such energy bands can occur in our MgO shell due to a relatively large density of defects at grain boundary regions as those observed in the HRTEM images of figure 2. Indeed, large carrier tunneling currents have been deduced across a MgO shell with w≈10 nm from the enhanced performance of ZnO/MgO core-shell NW-based solar cells [33] . This w value is comparable to those explored here. Moreover, the much lower than expected barrier heights due to defectmediated tunneling is a well-known fact from the extensive uses of MgO as a tunneling barrier in spintronic devices [34] . Hence, we suggest that a photocarrier escape channel from the ZnO core through the MgO barrier to MgO surface states could provide an additional non-radiative recombination mechanism competing with excitonic radiative recombination. Given that the tunneling probability for such a mechanism should decrease with increasing w, the lifetime of this additional non-radiative recombination channel should increase until becoming negligible, leading to an excitonic PL intensity increase until saturation as observed in the experimental data of figure 5.
The interplay between the excitonic and defect-related emissions
A point that needs further discussion is the interesting different behavior between the excitonic and defect-related PL intensity changes with increasing w revealed in figure 5(b) . The excitonic PL intensity exhibits orders of magnitude increase for 0<w<14 nm while the defect-related PL shows only a slow decrease in this region, whereas the latter diminishes pronouncedly for 14 nm<w<20 nm in coincidence with the excitonic PL intensity reaching a saturation. We believe this is associated with the nature of the recombination mechanism leading to the defect-related emission in ZnO NWs. After many years of debate, there is some consensus considering this well-known 'green emission' as a result of conduction band electrons recombination with holes trapped at deep oxygen vacancy defects at the NW walls [7, 35] . Note that the accumulation and trapping of holes at the NW surface is favored by the band bending profile along the NW radius. Recently, ultrafast spectroscopy studies in ZnO NWs fabricated by a similar growth method as the one used here were able to determine an ultrafast excitonic Augertype hole trapping mechanism, which explains the high efficiency of this recombination channel and the strong green PL from ZnO NWs without a MgO shell [35] . A feature of the excitonic Auger-type hole trapping process is its strong increase with increasing exciton density. We consider this recombination mechanism to explain the particular behavior of the defect-related PL intensity with increasing w observed in figure 5(b) . Consider the initial reduction of the band bending for small w which, as discussed in section 4.1, leads to a reduction of the number of holes reaching the ZnO NW walls. This tends to reduce the number of trapped holes (and hence we observe a reduction of the defect-related emission in the visible) but, because of the surviving holes in the valence band, it also leads to an increase of the effective exciton density (which ultimately results in the observed increased excitonic UV PL intensity with increasing w in figure 5(b) ).
However, this increased exciton density will also cause an increased Auger-type trapping probability, thus partially compensating the band bending reduction impact on the defect-related emission and giving a rationale to explain the slow variation of this intensity for 0<w<14 nm.
Conversely, when the exciton density reaches a saturation (as experimentally evidenced by the saturation of the UV PL intensity for large w in figure 5(b) ), so will its influence on the excitonic Auger-type hole trapping, and therefore its compensating impact on the band bending reduction effect will stop increasing with w, leading to a stronger reduction of the defect-related PL intensity for 14 nm<w<20 nm.
Of course, a full understanding of the recombination physics would need further studies which would include PL time decay and temperature dependence on core/shell ZnO/ MgO NWs with different shell widths, to determine changes in exciton dynamics, charge trapping at luminescent centers and non-radiative recombination lifetimes with increasing w.
Conclusions
We have used SEM, HRTEM, XRD and PL measurements to study the morphology, structure and optical properties on ZnO/MgO core/shell NWs with fixed mean ZnO core radius and varying mean MgO shell width (w) grown by a simple two-step vapor transport method.
We have identified two distinct effects in the PL spectra. The first one is related to the change from the ZnO/air to the ZnO/MgO interface, which produces an overall increase by 70% of the excitonic PL intensity and a 30% decrease of the defect related PL, a complete suppression of the X-2LO phonon replica and a strong enhancement of the X PL emission. Reduction of the band bending following the removal of atmospheric adsorbates and their associated surface states, and reduced exciton-phonon coupling upon the formation of the new ZnO/MgO interface as a result of the mechanical stabilization of the outermost ZnO NW monolayers by the MgO shell, are proposed to explain this effect.
The second effect involves the gradual increase of the excitonic PL and decrease of the defect related emission with increasing w by up to two and one orders of magnitude, respectively. Uniaxial strain build-up within the ZnO NW cores with increasing w, as detected by XRD measurements, and photocarrier escape from the ZnO core through the MgO shell by midgap state mediated tunneling are proposed as possible mechanisms involved in this effect.
These findings should be of key significance for the efficient design and fabrication of ZnO/MgO NW heterostructures and devices, and are expected to promote further studies on the physics of charge recombination in core/shell ZnO/MgO NWs and its changes with varying MgO shell thickness.
